This study describes design and implementation of a highperformance, low-cost, syringe pump device. Proposed device can be used with different injectors having volumes that are ranging from a common 0.5 mL to a larger 60 mL. This adaptable and programmable syringe pump provides high accuracy and adjustable flow rate in a simple mechanical manner and costs approximately $200. Developed system was tested on an optical table in lab conditions. It is measured that system can provide rates up to 0.05 mL/h, when used on a 0.5 mL syringe whereas the maximum volume 60 mL injector can provide a flow rate of 5.8 mL/h. Mean flow rate error of the system is calculated as 1.33%. Time-distance plots reveal a high degree of linearity and negligible hysteresis. Thus, the manufactured syringe pump is an excellent candidate as a high-precision liquid delivery system for low-resource settings.
Introduction
Syringe pump is a biomedical device that provides controlled fluid release into the medium of selection. It provides very highprecision, that is very difficult to achieve manually. Apart from biomedical field use, this device is used in different areas such as experiments on cancer cells, open heart surgery, diabetes and insulin diseases and dye production. It can be used in many areas of the industry where fluids are used. [1, 3] Biomedical field controlled drug release can be accomplished in a variety of ways such as diffusion-controlled pumps. In general, they have a very similar working principle to that of the syringe pump. By controlling the motor that drives diffusioncontrolled pump, the liquid flow rate and quantity can be adjusted in a controlled manner. [2] Syringe pumps are used for flow rates and precise quantities based on their usage areas. The treatment process is effected by the change in the flow rate of the liquid to be used in the syringe pump. [4] About 60% of life-threatening faults are associated with intravenous delivery of low-therapeutic index drugs. [5] Intravenous therapy required for sensitive flow control is performed by infusion pumps. We see that the safety aspect of these devices should be assessed cautiously by the application of high-risk medicines. Smart pump with security software adjusted to the type of drug used is utilized to overcome potential mistakes. [6] Conventional 30 and 50 mL disposable flow tubes cost around $ 40, being both time-and price-costly.
In this area, which is open to the development of new technologies, we have produced, a lower-cost syringe pump, while improving performance. It provides high accuracy and adjustable flow rate in simple mechanical manner. Our prototype can be easily adapted for field and hospital use.
Operation Principle
This syringe pump is a robust device that can be used with different injectors (having a variety of volume options) including the commonly used disposable insulin injector (0.5 mL). The syringe pump should be programmable, irrespective of the injector volume. This will not require re-calibration for the new model and will save time. A certain amount of liquid can be supplied at a predetermined amount of volume and flow. The syringe pump can provide rates of up to 0.05 mL/h, when used on a 0.5 mL syringe. The maximum volume 60 mL injector can provide a flow rate of 5.8 mL/h. Fig. 1 illustrates the system diagram, explaining the operation principle of the developed syringe pump. The whole system is controlled by the PC as it is shown in Fig. 1 . Once the volume quantity is decided, related information is sent to the micro-controller. Depending on this predetermined volume data, microcontroller calculates the amount of driving current to be supplied and the duration of the desired operation considering the injector model which is priorly specified by the user. Subsequently, required current value is delivered to the motor driver for a specific amount of time. The motor driver incorporated in the pumping system simultaneously controls both the current output from the 12V-3A power supply and provides the required 5V and 200mA to the microcontroller. In the following step, stepper motor (Polulu Nema 13) starts to function and actuate the syringe accordingly.
Design and Implementation of the System
The syringe pump mechanism is designed to be simple but significant. Dimensions of the device are determined considering the various sizes of the syringes that are available in the market. The final device has a volume of 20x10x10 cm and able to handle a maximum of 60 mL syringe with ease. After designing the pumping system as it is depicted in Fig. 2 , fixed parts are fabricated separately using additive manufacturing technology with the help of a MakerBot Replicator threedimensional (3D) printer. Design and fill rate of these parts (main body and the movement block) are optimized both for minimum use of printing material to reduce the cost and production time. The movement block that actuates the syringe can move back and forth on two chrome shafts connecting side walls of the U-shaped main body whereas the stepper motor integrated in the system is anchored to the extension of these two shafts as it is shown in Fig. 2 . The stepper motor is directly connected to a 5mm diameter worm gear that is shown as (4) in Fig. 2 . To diminish friction between the worm gear and the 3D printed part, ball bearings (7) are employed at the extremities of the worm gear. Moreover, to provide a smooth linear displacement for the movement block (2), linear bearings (6) are preferred at the connection points.
Stability and fixture of the disposable syringe is crucial in providing a controlled and linear fluid release. Thus, on the other side of the pumping system, a fixing apparatus which is shown in Fig. 2 is engaged to completely immobilize the tip of the syringe. It is devised to firmly hold various size of syringes with simplicity. After the disposable syringe has been mounted on the core, a small piece is used to secure the syringe. This piece is fastened to the lower body with to help of two screws. The materials used on the device have been selected with due attention to the high performance and low cost of the device. The entire device costs approximately $200. Implemented syringe pump system is exhibited in Fig. 3 . Fig. 3 . Implemented Syringe Pump System
Characterization of the System
Since the system works as an open feedforward system, characterization and successive calibration processes have a crucial importance for the accuracy of the system. Developed instrument has been calibrated in two different ways. Firstly, displacement of the piston of the moving block and the syringe is monitored. The movement block and one of the side walls of the device is marked with black paper as reference points as shown in Fig. 3 to make precise measurements.
Various shots were made instantly with a professional camera (Canon D1100 Video Camera) using the test setup shown in Fig. 4 . Subsequently, acquired images were transferred to ImageJ software, step by step, with a zooming ratio of 3200%. Moreover, all data is converted to pixels to get very precise results. From these images, the distance traveled by the piston of the syringe for each motor turn was precisely calculated. Additionally, the device has been run back and forth for a certain amount of time in order to understand how much hysteresis will occur in the long run. One other aim of this test is to measure and understand the behavior of the device when the disposable syringe was replaced with a new one. Moreover, the device can also perform recovery of excess fluid or auto-correct an error by withdrawing some liquid supplied to an apparatus that can be attached to the tip of the syringe. This feature makes it possible to carry out ultra-high precision measurements and experiments by installing a hydraulic system on the tip of the pump.
Finally, another type of calibration relates to the flow rate of the device. A thin transparent silicone tubing is placed at the tip of all syringes implemented into the system. The displacement of the liquid passing through the tubing was recorded with a video camera. Then the video was broken up into various photographs and measurements were conducted in the ImageJ software program. The minimum flow rate of the device is calculated separately for each syringe. Furthermore, errors in flow rate are calculated by repeating the same process for the same syringe, repeatedly.
Experimental Results
Various experiments have been carried-out to measure the performance of the developed syringe pump system. Experimental setup devoted to test is shown in Fig. 4 . The camera that captures the syringe pump for video recording is fixed with a tripod. Assessments of the amount of injected liquid volume was completed through taking video recordings of the syringe pump while working at different speed values. This experiment was repeatedly recorded and where 24 photographs were extracted from the video, at one frame per second(fps). Subsequently, each photograph was examined separately to detect the amount of ejected volume and related data were recorded. All distance measurements are taken in pixels, providing a high sensitivity in interpreting the injected volume. As the pixel/mm, and mm/mL ratio is already known, the acquired displacement data is converted to mm and the volume.
The acquired displacement of the syringe pump piston with respect to time is plotted in Fig.5 , per fixed motor speed. As illustrated on the plot, the device starts to operate at a minimum flow rate with a delay of 0.3 to 1.5 seconds for different syringe volumes (1 to 60 mL). The first detectable syringe displacement occurs between at ~10 μm value, corresponding to 0,78 mL for 10 mm diameter amount of injected volumes. The variable delay time value is tested and measured for each syringe and the necessary compensation is made in the software of the device. The linearity of the distance vs. time behavior showcases the precision of the flow through the developed syringe pump. Syringes used in commonly used syringe pumps are disposable. Each syringe should be replaced with another syringe after use. [7] If the syringe pump is used in a hydraulic system, the same syringe can be used as fill-drain. For this, the syringe pump must have liquid inlet and outlet depending on the direction of rotation of the motor. The syringe pump produced is designed to be used in hydraulic systems as well Figure 7 illustrates the hysteresis behavior of the developed pump, where the motor was driven in forward (injection) and backward (suction) directions, leading to a slight different distance vs. time behavior each time. Due to the difference in micrometer level occurring at the inlet and outlet of the liquid, it can be easily controlled. It can be used repeatedly without removing the syringe from the pump or using it without discharging the liquid. Clinical investigations, criminology or the use of a hydraulic syringe pump on a syringe pump make this syringe pump more useful in these areas.
Flow rate error tests have been performed to prove that the syringe pump demonstrated here is of high performance at low cost. In these tests, different syringes were tested at different flow rates. The percent error of the flow rate for 0.5 mL, 5 mL and 60 mL syringes are reported in in Fig. 7 with different flow rates from 0.1 to 50 mL / h. In the results obtained, there were slight differences in the flow rate compared to the variation of the syringe capacity. The flow rate test was carried out using thin transparent silicone tubing fixed and attached to the tip of the syringe. The flow of the liquid was recorded in the video and online measurements were taken. 
Conclusions
We described the design and implementation of a high performance, low-cost syringe pump device and working device has been constructed and evaluated. This adaptable and programmable syringe pump provides high accuracy and adjustable flow rate in a simple mechanical manner. The obtained flow rate errors of the proposed syringe pump usually range from 0.5% to 3%, which is comparable to most commercial-grade syringe pumps, in which flow rate error ranges from ±2% to ±5%. The syringe pump device demonstrated here could be an excellent tool as a high precision and low-cost liquid delivery system for low-resource settings.
